Ultrathin ͑Ͻ100 Å͒ titanium oxide films have been synthesized on the Mo͑100͒ surface and characterized using various surface science techniques. Epitaxial TiO 2 films of varying film thickness were prepared by evaporating titanium in an oxygen background (5ϫ10 Ϫ7 Torr) between 500 and 700 K, followed by annealing to 900-1200 K. The growth, composition, and structure of the TiO 2 films have been investigated using ion scattering spectroscopy ͑ISS͒, x-ray photon spectroscopy ͑XPS͒, Auger electron spectroscopy ͑AES͒, low-energy electron diffraction ͑LEED͒, and scanning tunnel microscopy ͑STM͒. A ͑2&ϫ&͒R45°LEED pattern was observed after annealing 4.7, 15, and 90 Å film thicknesses to 900-1200 K in vacuum. LEED and STM results show that the TiO 2 films order along the ͗010͘ and ͗001͘ directions of the Mo͑100͒ substrate. XPS data show that unannealed titanium oxide films exhibit only the Ti 4ϩ valence state, whereas annealed titanium oxide films are partially reduced and exhibit the Ti 3ϩ and Ti 2ϩ states, as well. ISS measurements of unannealed titanium oxide films show that TiO 2 films wet the Mo͑100͒ surface well.
I. INTRODUCTION
Recently, there has been considerable interest in metal oxide surfaces due to their fundamental and practical importance in catalysis, environmental science, ceramics, electronic devices, and material science. [1] [2] [3] Despite the important chemical and electronic properties and wide applications of oxides, most surface science studies have focused on metals and semiconductors. This is mainly due to the difficulties associated with surface charging, sample heating, and cleaning related to the insulating properties of bulk oxides. These problems, however, can be circumvented by growing ultrathin metal oxide films on refractory metal substrates. 4 Titanium oxide has been widely used in catalysis, photocatalysis, and other applications. 5, 6 Extensive efforts have been made to synthesize thin titanium oxide films on various refractory metals such as Rh͑111͒ 7 and Pt͑111͒. 8 Goodman and co-workers have recently developed a method of oxide film preparation by depositing the desired metal onto the surface of a single crystal of a dissimilar, refractory metal in an oxygen atmosphere. [9] [10] [11] [12] This new approach offers the advantages in the control of thickness and stoichiometry of an oxide film. In a continuation of previous work, we have synthesized TiO 2 thin films on a Mo substrate. One of the primary goals of synthesizing titanium oxide on the Mo surface is to prepare a stoichiometric titanium oxide film that can be used for model catalysis studies.
For the ultrathin TiO 2 films, a Mo͑100͒ substrate was used. Molybdenum has been used extensively for growing various thin metal oxide films such as MgO, 9 NiO, 10 SiO 2 , 11 and Al 2 O 3 . 12 This substrate was chosen because the distance between Mo atoms along the ͗011͘ direction on a Mo͑100͒ surface is 4.45 Å, very close to the 4.59 Å distance between two adjacent Ti atoms in the ͗100͘ direction of rutile TiO 2 (001) surface. 13, 14 The mismatch between the lattice constants of the Mo͑100͒ surface and TiO 2 (001) is only 4%, and hence epitaxial growth can be anticipated.
This article describes a surface science study of the growth of ultrathin titanium oxide films on Mo͑100͒. The growth mode, structures, and compositions of TiO 2 thin films have been investigated by x-ray photoelectron spectroscopy ͑XPS͒, Auger electron spectroscopy ͑AES͒, low-energy electron spectroscopy ͑LEED͒, ion scattering spectroscopy ͑ISS͒, and scanning tunneling microscopy ͑STM͒. The similarities between the titanium oxide thin films and bulk titania are discussed.
II. EXPERIMENT
All experiments were carried out in two ultrahigh vacuum chambers. One chamber ͑base pressure Ͻ6ϫ10 Ϫ10 Torr͒ is equipped with ISS, LEED, XPS, AES, and temperature programmed desorption ͑TPD͒ capabilities, and has been described in detail previously. 15 Scanning tunneling microscopy ͑STM͒ was carried out with an Omicron Microscope in a second UHV chamber, equipped with AES, LEED, XPS, and TPD and a base pressure below 1ϫ10 Ϫ10 Torr. The Mo͑100͒ could be heated to 1600 K resistively and to 2300 K by electron bombardment. Temperatures were meaa͒ Author to whom all correspondence should be addressed; Electronic mail: goodman@chemvx.tamu.edu sured by a W-5%Re/W-26%Re thermocouple spot-welded to the back of the sample. A pyrometer was also used to monitor the temperature for the STM experiments. The Mo͑100͒ substrate was cleaned by cycles of oxidation in 4 ϫ10 Ϫ8 Torr of oxygen at 1250 K and annealing in vacuum at 2000 K. This procedure was repeated until no impurities could be detected by AES and the surface exhibited a sharp ͑1ϫ1͒ LEED pattern.
The TiO 2 films were synthesized by evaporating titanium onto the Mo͑100͒ surface in a 5ϫ10
Ϫ7 Torr oxygen background. The Mo͑100͒ substrate was kept at 500-700 K during the Ti deposition and subsequently annealed between 900-1200 K in vacuum. The films were deposited at a rate of 2.4 Å/min. A high purity Ti wire tightly wrapped around a W filament was evaporated thermally after thorough outgassing of the filament. The Ti evaporation rate was determined by a break in a plot of the Ti/Mo Auger intensity ratio versus the Ti deposition time. The first break point typically correlates with the completion of the first Ti monolayer ͑1 ML͒. The XPS spectra were taken using a Mg anode ͑1253.6 eV͒ and a precision hemispherical energy analyzer operated in the fixed analyzer transmission mode with a pass energy of 23.5 eV. All binding energies were referenced to Mo 3d 5/2 at 227.7 eV. Ion scattering spectra were obtained with an incident He ϩ beam energy of 600 eV and a total scattering angle of 135°. Sputtering damage was minimized by rastering the ion beam across the surface. The AES spectra were collected with an incident electron beam of 3 kV from a glancing incidence electron gun. Figure 1͑a͒ shows the Ti 2p XPS spectra for unannealed titanium oxide thin films on Mo͑100͒ surfaces at three different film thicknesses. The titanium oxide films were prepared by evaporating titanium in an oxygen background (5 ϫ10 Ϫ7 Torr) at 600 K. XPS measurements were carried out at a sample temperature of 300 K. 18 a temperature of 700-800°C is required to convert anatase to rutile. Nevertheless, rutile is more stable than anatase from room temperature to the melting point. Although we cannot rule out the possibility of formation of anatase TiO 2 films, rutile TiO 2 is the most likely phase formed under our experimental conditions. As the titanium oxide film thickness was increased, binding energies of the Ti 2 p feature shifted toward higher binding energies and were accompanied by a decrease in the full width at half-maximum ͑FWHM͒ of the Ti 2p 3/2 peak from 2.22 to 1.24 eV. The binding energies of the Mo 3d 5/2 and O 1s ͑not shown here͒ remained constant at 227.7 and 530.2 eV, respectively. FWHM of O 1s also narrowed from 1.77 to 1.36 eV with increasing TiO 2 coverages. Similar binding energy shifts with film thickness are observed for Al 2 p and O 1s in aluminum oxide films on Ru͑0001͒ 19 and Re͑0001͒. 20 The thickness-dependent shifts to higher binding energies with increasing coverages of Al 2 O 3 films were explained as Schottky barrier formation, band bending at the interface, and/or final state relaxation effects. 19 Finster et al. also observed thickness dependent shifts for Si 2p and O 1s core levels in SiO 2 films on a Si substrate. 21 The main cause for the shifts may be final state relaxation effects. binding energies remain constant. This discrepancy in the shifts between Ti 2p 3/2 and O 1s leads us to rule out band bending near the TiO 2 /Mo interface. Since band bending causes a static surface potential change in the oxide film, 22 Ti 2 p 3/2 , and O 1s binding energies should be shifted to the same degree and in the same direction. XPS spectra show that unannealed titanium oxide films exhibit only the Ti 4ϩ valence state, implying that the shift for Ti 2p 3/2 as a function of thickness is not related to the variation in the valence state of Ti. This thickness dependent shift for Ti 2p 3/2 may be due to the extra-atomic screening from electrons of the metal substrate, as is the case of Al 2 O 3 /Ru(0001). 19 However, it is difficult to explain the absence of a shift in the O 1s binding energy using final state relaxation effects. The shift in Ti 2 p 3/2 is likely due to the transition from two-to three-dimensional properties. The local environment of Ti probed by XPS changes considerably as the film thickness of TiO 2 increases; specifically, the electronic and geometric properties of the TiO 2 films converge to the bulklike properties with increasing coverages. Small surface geometry changes may be another cause for the shift, since these can affect the initial states of ions in oxide materials. The measured FWHM of the Ti 2p 3/2 peak also decreases as the film thickness increases. This narrowing may be related to the defect density of the films. Since the percentage of defect density in a thinner film is larger than that in a thicker one, one might expect the FWHM to decrease gradually with film thickness. Figure 1͑b͒ shows the Ti 2 p XPS spectra for titanium oxide films annealed to 1200 K in vacuum. After growth, the TiO 2 films were annealed in increments of 100 K for ϳ10 s. Upon annealing to 900 K for 4.7 Å and 1000 K for 15 and 90 Å, no noticeable changes were observed in the FWHM, shape, position or intensity of the peak in the Ti 2 p and O 1s regions, suggesting that the titanium oxide films with 4.7, 15, and 90 Å are stable up to the corresponding anneal temperatures. However, further heating to 1200 K for 4.7 and 15 Å TiO 2 films causes a significant decrease in the intensity of the Ti 2p and O 1s peaks. Shoulders appear at 456.2-456.7 eV for Ti 3ϩ and 454.5-454.9 eV for Ti 2ϩ in the Ti 2p 3/2 features and ϳ531.5 eV for O 1s, indicating a substantial interfacial reaction between TiO 2 film and the Mo substrate. It should be noted that no titanium was observed with the quadrupole mass spectrometer ͑QMS͒ while annealing the sample to 1200 K, suggesting that either diffusion of Ti into the Mo bulk substrate or agglomeration of TiO 2 films takes place. It is likely that oxygen diffuses into the interface via defect migration. 23, 24 XPS data demonstrate that TiO 2 thin films with a coverage of 4.7 and 15 Å are partially reduced to Ti 3ϩ and Ti 2ϩ upon annealing to 1200 K in vacuum. For a coverage of 90 Å, however, the XPS intensity of Ti 2p decreases only slightly, with no change in peak shape and peak position, indicating that the higher thermal stability of the thick TiO 2 films is probably due to kinetic considerations. Figure 2 shows the Ti 2 p XPS spectra from titanium oxide films deposited on Mo͑100͒ as follows: ͑a͒ 15 Å of TiO 2 film was prepared by evaporating Ti onto the Mo substrate in an O 2 background (5ϫ10 Ϫ7 Torr) at a sample temperature of 600 K; ͑b͒ the 15 Å TiO 2 film of ͑a͒ was annealed to 1200 K in vacuum. The XPS spectra were fitted using a nonlinear least squares routine with mixed GaussianLorentzian peak shapes and a linear base line. Figure 2͑a͒ shows that the titanium oxide film exhibits Ti 4ϩ oxidation states. We cannot exclude the possibility that Ti 3ϩ valence states exist in the unannealed 15 Å TiO 2 film. However, the linewidths observed for the films generally depend on their thickness. Also, the line shapes of the unannealed titanium oxide films of 15 Å are essentially the same as those of the unannealed 90 Å titanium oxide film. Furthermore, the ratio of the O to Ti XPS signal is consistent with a stoichiometric TiO 2 film, assuming that the photoemission cross sections for O 1s and Ti 2 p 3/2 relative to that of F 1s are 0.63 and 1.1, respectively. 25 The Ti 2p XPS spectrum obtained after heating to 1200 K is shown in Fig. 2͑b͒ . Figure 3 shows ISS spectra of the clean Mo͑100͒ substrate and various film thicknesses of TiO 2 deposited on FIG. 2. Ti 2p XPS spectra for 15 Å TiO 2 /Mo(100). ͑a͒ As prepared at 600 K; ͑b͒ annealed to 1200 K. The spectra were collected at 300 K. Curve fitting utilized a nonlinear least squares routine using mixed GaussianLorentzian peak shape and a linear base line.
III. RESULTS AND DISCUSSIONS

A. Stoichiometric titanium oxide films
B. Growth of TiO 2 on Mo(100)
Mo͑100͒: ͑a͒ a clean Mo substrate; ͑b͒ and ͑e͒ 4.7 Å TiO 2 ; ͑c͒ and ͑f͒ 15 Å TiO 2 ; ͑d͒ and ͑g͒ 90 Å TiO 2 . ISS spectra ͑b͒-͑d͒ were acquired from titanium oxide films prepared at 600 K, while ISS spectra ͑e͒-͑g͒ were taken after annealing to 1200 K in vacuum. Upon annealing, TiO 2 film thicknesses of 4.7 and 15 Å were reduced to approximately 3.3 and 5.0 Å as determined by either the Ti/Mo AES intensity ratio or the attenuation of the XPS intensity of the Mo 3d 5/2 peak. Spectrum ͑a͒ represents the ISS spectrum of the clean molybdenum substrate with a single Mo scattering peak at 520 eV. Following the growth of a 4.7 Å of TiO 2 film, the substrate ISS signal in Fig. 1͑b͒ is essentially attenuated, implying that the substrate is ϳ95% covered by a 4.7 Å TiO 2 film. Spectra ͑c͒ and ͑d͒ show two characteristic peaks at 265 and 445 eV attributed to the O and Ti atoms of the topmost surface of unannealed titanium oxide films at 15 and 90 Å, respectively. These films completely cover the molybdenum surface. This rapid attenuation of the substrate signal indicates that unannealed TiO 2 films wet the Mo͑100͒ surface very well. The ISS intensity ratio of O to Ti remains 2 to 1 as a function of the TiO 2 coverages. This constant ratio can be explained as indicating constant composition of the topmost layer of the different TiO 2 film coverages. ISS spectra of the films annealed to 1200 K are shown in spectra ͑e͒, ͑f͒, and ͑g͒. The intensity ratio of O to Ti in ͑e͒-͑g͒ are the same as those in ͑b͒-͑d͒. However, the peak corresponding to the Mo͑100͒ substrate in ͑b͒ almost disappears and the substrate peak at 520 eV in ͑f͒ reappears after heating to 1200 K. STM measurements of films prepared in the same way as those for the ISS spectrum ͑f͒ indicate the presence of uncovered substrate ͑Fig. 7͒. No titanium is detected in the gas phase via the QMS during the anneal, and no change is observed in the peak position and shape of the Ti 2 p 3/2 feature ͑except shoulders due to Ti 3ϩ and Ti 2ϩ ͒. The reappearance of a substrate peak in spectrum ͑f͒ after annealing can be attributed to clustering or faceting of the titanium oxide films or diffusion of Ti into the bulk Mo substrate.
C. Structure of titanium oxide films
LEED
The freshly prepared TiO 2 surfaces have been carefully monitored for change in the surface structures as a function of annealing temperature by qualitative LEED. Figure 4 shows the LEED patterns of the TiO 2 films ͑90, 15, and 4.7 Å thicknesses, respectively͒ after annealing to 1200 K in vacuum. All LEED pictures were taken at 300 K, with the LEED screen set at a 45°angle with respect to the view port. After depositing 4.7, 15, and 90 Å films onto the Mo͑100͒ surface at 600 K, the samples were annealed to progressively higher temperatures. For a coverage of 90 Å, a diffuse ͑& ϫ&͒R45°LEED pattern with respect to the bulk TiO 2 (001) surface 13, 14 ͓or ͑2ϫ2͒ LEED pattern with respect to the Mo͑100͒ surface͔ was observed before annealing. A very diffuse ͑2&ϫ&͒R45°LEED pattern with respect to the TiO 2 (001) surface ͓or ͑4ϫ2͒ LEED pattern with respect to the Mo͑100͒ surface͔ appears at approximately 800 K, then becomes sharper and more intense, but still diffuse with an increasing annealing temperature. The LEED picture of the 90 Å TiO 2 film acquired after annealing to 1200 K is shown in Fig. 4͑a͒ . The (2&ϫ&)R45°LEED pattern can be explained as due to faceting or reconstruction of the TiO 2 (001) surface. Due to the presence of dangling-bond surface states, the unreconstructed TiO 2 film surface is thermodynamically unstable. 26 Faceting and reconstruction upon annealing can eliminate these energetically unfavorable states. During faceting and reconstruction, the coordination number of Ti increases from 4 to 5 and 6. This increase can FIG. 3 . ISS spectra of ͑a͒ a clean Mo substrate; ͑b͒ and ͑e͒ 4.7 Å TiO 2 film; ͑c͒ and ͑f͒ 15 Å TiO 2 film; ͑d͒ and ͑g͒ 90 Å TiO 2 film. ISS spectra of ͑b͒, ͑c͒, and ͑d͒ were taken after growing TiO 2 films of the indicated coverages to Mo substrate at 300 K. ISS spectra of ͑e͒, ͑f͒, and ͑g͒ were obtained after annealing the sample to 1200 K.
lower the surface energy. 27 Reconstruction has also been observed for the TiO 2 (100) surface. Chung et al. found the ͑1ϫ3͒, ͑1ϫ5͒, and ͑1ϫ7͒ reconstructions for TiO 2 (100) upon annealing the sputtered surface at different temperatures due to its instability compared to the TiO 2 (110) surface. 28 The LEED pattern obtained upon annealing is identical to that obtained by Firment 29 and Kurtz. 30 Tait and Kasowski also reported that the rutile TiO 2 (001) surface, the least stable of the low index faces, is found to facet upon annealing. 26 These authors argued, however, that those LEED patterns were due to a ͑2ϫ1͒ reconstruction of the ͑011͒ plane. 29, 30 Our combined LEED and STM results of TiO 2 films on Mo͑100͒ support our interpretation of the LEED pattern as a ͑2&ϫ&͒ structure instead of a ͑2ϫ1͒ structure. No molybdenum peak was observed by AES after annealing the 90 Å TiO 2 film to 1200 K. The absence of such a feature in the AES clearly indicates that the ͑2&ϫ&͒ LEED pattern is not due to MoO x , although an oxygen induced ͑2ϫ1͒ LEED pattern has been seen for Mo͑100͒ in previous studies. [31] [32] [33] Schematic drawings of the LEED pattern of Fig. 4͑a͒ and a model of the TiO 2 (001) surface are shown in Fig. 5 . With the help of the LEED pattern from the Mo͑100͒ substrate, the solid circles represent LEED spots from the unreconstructed TiO 2 (001) surface. The empty circles represent LEED spots from the reconstructed or faceted TiO 2 (001) surfaces. STM results, which will be discussed in the next section, also support this assignment. Firment, 29 however, assigned the ͑1/2, Ϫ1/2͒ spots to the ͑0, Ϫ1͒ diffraction spots of unreconstructed TiO 2 , due to the lack of information on the azimuthal orientation of the crystal in his experiment. A structural model based on our LEED and STM results will be proposed and discussed in detail in a forthcoming article. 34 In Fig. 4͑b͒ the ͑2&ϫ&͒R45°L EED pattern obtained from a 15 Å TiO 2 film annealed to 1200 K is shown. No ordered structure was observed for a 15 Å TiO 2 film below 800 K. At ϳ800 K, a very diffuse and weak ͑&ϫ&͒R45°diffraction pattern was observed. At ϳ900 K, a ͑2&ϫ&͒R45°LEED pattern begins to develop. Further annealing to 1200 K gives a very sharp and intense ͑2&ϫ&͒R45°LEED pattern found in Fig. 4͑b͒ . For a coverage of 4.7 Å, no LEED pattern was observed below 1100 K, however, at ϳ1100 K a poorly defined ͑2&ϫ&͒R45°L EED pattern appeared. Figure 4͑c͒ represents a LEED pattern of 4.7 Å TiO 2 film after heating to 1200 K. This LEED pattern not only has a diffraction pattern due to the ͑2& ϫ&͒R45°reconstructed TiO 2 surface but also a superimposed ͑6ϫ1͒ LEED pattern with respect to the Mo͑100͒ surface, which can be assigned to a MoO x surface. [31] [32] [33] 2. STM Figure 6͑a͒ shows a 2000ϫ2000 Å constant current image of the surface of a 90 Å TiO 2 film on the Mo͑100͒ substrate, annealed to 1200 K. The STM images were acquired at a sample bias of ϩ2 V and feedback current of 0.5 nA. XPS measurements show that this annealed 90 Å TiO 2 film exhibited only the Ti 4ϩ valence state. AES ͑not shown here͒ and ISS spectra shown in Fig. 1͑g͒ indicate that the Mo substrate is still completely covered by the TiO 2 film, even though it has been reconstructed due to annealing. STM measurements of the 90 Å TiO 2 film reveal that the surface consists of small crystallites several hundred angstroms in diameter. A STM image ͑450ϫ450 Å͒ of one of the crystallites with atomic resolution is shown in Fig. 6͑b͒ . This surface is flat on the atomic scale, with individual atom rows observed running along the ͗010͘ direction of Mo͑100͒ or ͗110͘ direction of TiO 2 (001). The spacing between those rows parallel to the ͗110͘ direction of TiO 2 is ϳ13 Å. The distance between the adjacent Ti atoms in the same row is ϳ6.5 Å. The above results clearly show the missing row structure, indicating substantial reconstruction of the TiO 2 surface. This STM image of the missing row structure is consistent with the ͑2&ϫ&͒R45°LEED pattern obtained for this surface ͓see Fig. 4͑a͔͒ . A 15 Å TiO 2 film annealed to 1200 K exhibits the same ͑2&ϫ&͒R45°LEED pattern. The STM images observed for the ͑2&ϫ&͒R45°surface are shown in Fig. 7 . A large area ͑5000ϫ5000 Å͒ image and a small area ͑470ϫ610 Å͒ image are presented in Figs. 7͑a͒ and 7͑b͒, respectively . The large STM image shows that the Mo͑100͒ substrate is not completely covered. According to XPS, and AES measurements, the average thickness of this annealed TiO 2 film is approximately 5.0 Å, with ϳ15% of the Mo substrate uncovered. Figure 2 shows that a substantial amount of Ti 3ϩ and Ti 2ϩ valence states exists in the annealed TiO 2 surface. Annealing causes a substantial interfacial reaction between the TiO 2 film and the Mo substrate. Figures 7͑a͒ and 7͑b͒ clearly show dark and bright areas associated with MoO x and faceted titanium oxide film. No XPS peaks related to molybdenum oxides were observed, indicating that the amount of MoO x is too small to be detected. The Mo substrate is most likely covered with chemisorbed oxygen. Individual atom rows of overlayer TiO 2 run along the ͗001͘ and ͗010͘ directions of the Mo͑100͒, indicating the presence of two different TiO 2 domains rotated 90°with respect to each other. The distance between the individual rows is ϳ13 Å, consistent with the LEED result and a ͑2&ϫ&͒R45°reconstruction of the TiO 2 film.
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IV. CONCLUSION
Epitaxial ultrathin TiO 2 films have been prepared stoichiometrically by depositing Ti on the Mo͑100͒ surface in an oxygen background. XPS, ISS, AES, LEED, and STM have been used for investigating the growth, composition, and structure of TiO 2 films. XPS data show that unannealed titanium oxide films exhibit only the Ti 4ϩ valence state and that the film has a rutile structure. ISS measurements of unannealed titanium oxide films show that the films wet the Mo surface very well. Combined STM and LEED results show that the structure of TiO 2 films depends on both coverage and annealing temperature. The STM image with missing rows is in good agreement with a ͑2&ϫ&͒R45°LEED pattern of reconstructed TiO 2 (001) surface.
